CONVERSION FACTORS AND ABBREVIATIONS

Multiply
LCAA -LCMS analysis method for herbicide transformation products LCAN -LCMS analysis method for antibiotics LCEA -LCMS analysis method for herbicides and herbicide transformation products LCMS -Liquid chromatography mass spectrometry LOEC -lowest observed effect concentration NASQAN -National Stream Quality Accounting Network NAWQA -National Water-Quality Assessment NOEC -no observed effect concentration this same time period (1997) (1998) (1999) (2000) (2001) , atrazine use increased by 20 percent and acetochlor use increased by 10 percent, while cyanazine use decreased by 99 percent, alachlor use decreased by 70 percent, and metolachlor use decreased by 55 percent. Previous studies have documented that herbicide flushes occur in midwestern streams during runoff events for several weeks to several months following application, and that herbicide concentrations in midwestern streams during flushing events are related to rates of herbicide use. The objective of this study is to determine the distribution of glyphosate and its primary transformation product aminomethylphosphonic acid (AMPA) in midwestern streams during postapplication and harvest-season runoff events. Water samples will be collected in 2002 during two post-herbicide-application runoff events and one harvest-season runoff event from 53 sites on streams in the Midwestern United States. All samples will be analyzed at the U.S. Geological Survey Organic Geochemistry Research Laboratory in Lawrence, Kansas, for glyphosate and 20 other herbicides. Samples will also be analyzed for a glyphosate transformation product (AMPA) and 26 other herbicide transformation products, using GC/MS or HPLC/MS. Selected samples will be analyzed for 36 antibiotics or antibiotic transformational products. Results from this study will represent the first broad-scale investigation of glyphosate and AMPA in U.S. water resources.
INTRODUCTION
This report describes a plan of study to determine the distribution of glyphosate and its primary transformation product aminomethylphosphonic acid (AMPA) during runoff events in midwestern streams. The study will also determine if recent changes in herbicide use are affecting herbicide concentrations, and the distribution of didealkylatrazine (DDA), other herbicide transformation products, and selected antibiotics in midwestern streams.
Since 1989, the U.S. Geological Survey (USGS) Toxic Substances Hydrology Program has conducted reconnaissance studies of streams in the Midwestern United States (U.S.) to determine the geographic and seasonal distribution of herbicide compounds. Studies in 1989 and 1990 documented that large amounts of atrazine, cyanazine, alachlor, and metolachlor were flushed into streams during post-herbicide-application runoff events others, 1991, 1992; Goolsby and Battaglin, 1993) . Additional studies in 1990-1992 using automatic samplers (Scribner and others, 1994) showed that the peak herbicide concentrations tend to occur during the first runoff event after herbicide application. Smaller herbicide concentration peaks continue to occur during runoff events for several weeks to several months following application. By late summer, herbicide concentrations are generally low (less than 0.05 µg/L) and tend to remain low until the process repeats during the following planting season.
Recent studies have focused on collecting water samples during these post-application runoff events. The same 53 stream sites have been sampled in 1989, 1990, 1994, 1995, and 1998. Results from these studies demonstrate that the concentrations of several herbicides in midwestern streams have decreased since 1989 (Battaglin and Goolsby, 1999; Scribner and others, 2000) . In some cases, these decreases correspond to declines in herbicide application amounts, whereas in other cases, the reason for the decrease more likely is changes in application practices. These studies also found a widespread occurrence of herbicide transformation products in midwestern streams. In the 1998 stream reconnaissance, the median concentrations of acetochlor, alachlor, and metolachlor were all less than the median concentration of one or more of their transformation products. This concentration pattern would be expected later in the summer during low-flow conditions but was not expected during higher flows in spring and early summer (Battaglin and others, 2001) .
Glyphosate (N-[phosphonomethyl] glycin) is a broad-spectrum nonselective systemic herbicide that was first used in the early 1970's. Glyphosate is among the most widely used herbicides in the world. Glyphosate has not been extensively monitored in the United States even though it is commonly used for agricultural, silvicultural, and nonagricultural weed control. In Germany, both glyphosate and its primary transformation product (AMPA) have been detected at low concentrations in rivers. Glyphosate, however, is both highly polar and water-soluble, making analysis for it in water samples difficult (Skark and others, 1998) . In 1997 (the last year with available estimates), more than 50 million pounds of glyphosate were sold for agricultural and nonagricultural weed control (Aspelin and Grube, 1999) .
Glyphosate Toxicity
Glyphosate is a nonselective herbicide that inhibits aromatic amino acid biosynthesis. It is considered to be only slightly toxic to birds, fish, and aquatic invertebrates and does not bioaccumulate. The toxicity of chemicals to nontarget organisms can be compared using various endpoints including LC 50 values (concentration that kills 50 percent of test organisms), NOEC (no observed effect concentration), and LOEC (lowest observed effect concentration). The 48-hour LC 50 values for freshwater fish and aquatic invertebrates range from 55 to 780 mg/L (table 1). The LOEC's for freshwater green algal growth were less at 4.00 and 1.55 mg/L, respectively. Several studies examined the effect of glyphosate on soil bacteria and found no adverse effects on soil microbial biomass or on nitrification; but in fact, microbial activity (Stratton, 1990; Stratton and Stewart, 1991; Busse and others, 2001; Haney and others, 2002) . The effect of glyphosate on amphibians was evaluated using the Frog Embryo Teratogenesis Assay (FETAX), and the resulting LC 50 was 5,407 mg acid equivalent/L (Perkins and others, 2000). Mitchell and others (1987) found the NOEC for sublethal effects of glyphosate on coho salmon smolt osmoregulation and growth was 2.78 mg/L. Some of the surfactants in glyphosate formulations, particularly the ethylated amines and contaminants associated with them, are thought to be more toxic than glyphosate.
Changes in Herbicide Use
Several substantial changes in herbicide use have occurred since the last stream reconnaissance study in 1998. The most significant is the rapid increase in the use of glyphosate that corresponded with the introduction of "Roundup Ready" crops. 1990 1991 1992 1993 1994 1995 1996 1997 1998 1999 Herbicide use estimates in millions of pounds of active ingredient applied. continued through 2002, we suspect glyphosate and its primary transformation product AMPA will be detected in a majority of midwestern streams during 2002 post-application runoff events. We also suspect that when compared with the distribution of concentrations measured in the 53 midwestern streams in 1998, those measured in 2002 will be about the same for atrazine and acetochlor and significantly lower for alachlor, cyanazine, and metolachlor.
Herbicide Transformation Products
The half-life of glyphosate in soils typically found in the Midwestern United States is approximately 25-40 days. Glyphosate can be transformed (degraded) in soil, water, and plants to AMPA. Glyphosate loses an acetic acid moiety to form the AMPA transformation product. AMPA retains the phosphate group and many of the physical properties of glyphosate. AMPA is soluble and easily dissolved but will precipitate in the presence of iron and calcium after formation of insoluble phosphate salts (Royal Society of Chemistry, 1998). AMPA is most likely more persistent than glyphosate and also should be monitored as part of any study of glyphosate.
The 1998 reconnaissance (Battaglin and others, 2001 ) and other recent investigations (Thurman and others, 1994; Boyd, 2000; Kalkhoff and others, 1998; Phillips and others, 1999; Porter and others, 2001) have documented the widespread occurrence of herbicide transformation products in water. Still, scientists have not analyzed natural water samples for many of the herbicide transformation products that are likely to occur in the environment. Thurman and others (1994) showed that both the deethylatrazine (DEA) and deisopropylatrazine (DIA) transformation products of atrazine are commonly found in soils, ground water, and surface water of the Midwestern United States. Both DEA and DIA form by losing either an ethyl or isopropyl group-which is a common degradation pathway in soil. It is hypothesized that the continued transformation of DEA and DIA with the loss of either the remaining ethyl or isopropyl group will result in didealkylatrazine (DDA). Its occurrence was suspected in the past, but methods were not available until now to isolate and identify DDA. DDA retains the chlorine atom and probably retains some of the herbicidal activity and toxicity of the parent atrazine.
No published data exist for the occurrence of DDA in surface or ground water. The authors hypothesize that both AMPA and DDA will be detected in most midwestern streams.
Antibiotics in Streams
Recent studies have shown antibiotics to be present in U.S. streams (Kolpin and others, 2002) . A number of the antibiotics found are those used in livestock production, but the transport mechanisms of antibiotics to streams are not yet understood. Samples collected during runoff events in midwestern streams will help to identify the dominant source of antibiotics in streams. If point sources such as sewage-treatment discharges or confined animal feeding operation (CAFO) discharges are the dominant source, then concentrations should be much lower during runoff events than during lower flow conditions. If nonpoint sources (such as manure applications to fields) are dominant, then concentrations should be about the same or higher during runoff events. Because manure applications also take place during the post-harvest period, fall and early winter storms may be "flushing" events for antibiotics.
WORK PLAN
Approximately 180 samples will be collected during the 2002 reconnaissance study. Samples will be collected from 53 sites (table 2) on small to mediumsized midwestern streams. All 2002 reconnaissance samples will be sent to the USGS Organic Geochemistry Research Laboratory (OGRL) in Lawrence, Kansas, and analyzed for 21 herbicides, 27 herbicide transformation products, and 36 antibiotics (table 3) . The analytical reporting limits for all compounds are at or below known biologically significant levels (Battaglin and Fairchild, 2002) .
Objectives and Hypotheses
The principal objective of this study is to determine the distribution of glyphosate and its primary transformation product AMPA in midwestern streams during runoff events. The proposed study also provides a plan to determine (1) if recent changes in herbicide use are affecting herbicide concentrations in midwestern streams, (2) the distribution of DDA and other herbicide transformation products with limited environmental data, and (3) the distribution of selected antibiotics.
Specific hypotheses:
1. Glyphosate will be detected at a majority of the stream sites in post-emergence runoff samples, but not in the majority of harvest-season runoff samples.
2. AMPA will occur with a frequency and in concentrations similar to that of acetochlor ESA. The frequency of AMPA detection will be larger in harvest-season runoff samples than in post-application runoff samples.
3. The ratio of AMPA to glyphosate will be greater than one in pre-emergence and harvest-season samples but less than one in post-emergence samples.
4. The AMPA in midwestern streams is from transformation of glyphosate and not transformation of detergents in sewage-treatment plants.
5. When compared to concentrations measured in 1998 samples, those measured in post-application runoff in 2002 will be about the same for atrazine and acetochlor and significantly lower for alachlor, cyanazine, and metolachlor.
6. Didealkylatrazine (DDA) will be detected in most midwestern streams in concentrations similar to that of de-ethylatrazine.
7. The herbicide transformation product to parent ratios for alachlor, cyanazine, and metolachlor will be larger in 2002 than in 1998 because of declining use of these products.
8. Selected antibiotics will be detected in about onehalf of the 53 midwestern streams.
9. Because of the timing of spring manure applications, antibiotic concentrations will be higher in the pre-emergence runoff samples than in the post-emergence runoff samples or harvestseason runoff samples.
Sampling Sites
The sampling sites are representative of unregulated streams that drain small, agriculturally dominated watersheds in the Midwestern United States. All but 2 of the 53 stream sites sampled in this study have been sampled in the prior reconnaissance studies (Goolsby and others, 1994; Scribner and others, 1998) . The Turkey River near Eldorado site (05411850) is about 15 miles downstream from the previously sampled site at Spillville (05411600). The Little Cobb River near Beauford site (05320270) was sampled in 1998 but not in the previous reconnaissance studies, which had sampled the Rock River at Luverne (06483000). The locations of the sites to be sampled and their drainage basins are shown in figure  2 . Sampling stations, drainage areas, 1998 sampling dates, and streamflow are given in table 2.
Sampling Schedule
Three samples will be collected at each site. The first set of samples will be collected after pre-emergence herbicides have been applied (usually after planting but before crop plants emerge in May or June) and following a precipitation event that produces a significant increase in streamflow. Ideally, streamflow should represent runoff conditions with flow at or above the 50th percentile (50 percent exceeds streamflow for the period of record, published in annual USGS Water Resources Data reports). These samples will be referred to as "pre-emergence runoff samples." The second set of samples will be collected after postemergence herbicides like glyphosate have been applied (usually to the foliage of weeds in June or July), again following a precipitation event that produces runoff conditions and streamflows at or above the 50th percentile. These samples will be referred to as "post-emergence runoff samples." The third set of samples will be collected during crop harvest (usually September to November), and following a precipitation event that produces runoff conditions and rising streamflows. These samples will be referred to as "harvest-season runoff samples." 
Sampling Procedures
Samples will be collected using methods described in Shelton (1994) . The equal-width-increment sampling method (Edwards and Glysson, 1988) will be used for all samples. The step-by-step sampling procedure is given in the Appendix. All pesticide samples will be filtered through 0.7-mm pore-size baked glass-fiber filters, using an aluminum plate filter holder and a ceramic piston fluid-metering pump with all Teflon tubing, into precleaned 125-mL amber glass bottles. Eight 125-mL amber glass bottles from each site will be filled and sent to the ORGL. Sample bottles will be clearly labeled with waterproof marker or preprinted labels. The minimum information on the label will be the project code, site id, site name, date and time of sample collection, sampler name(s), and the following phrase "USGS 2002 RECON." Field measurements for specific conductance, pH, and temperature will be taken for all samples and a discharge will be obtained by direct measurement, from a rating curve or estimated from a nearby USGS gaging station.
Analytical Procedures
Glyphosate and AMPA. Samples are analyzed for glyphosate, glufosinate, and AMPA by using a liquid chromatography mass spectrometry (LCMS) method as described in Lee and others (2002a) . For the LCGY analysis, 10-mL water samples are derivatized in the laboratory and extracted with solid-phase extraction (SPE). The analytes (table 3) are separated by LC and identified with an MS in electrospray negative-ion (ES-NEG) mode operating in selected-ion mode. The concentration of each sample is determined by using labeled glyphosate as an internal standard and a standard-addition replicate using the following equation:
where C is concentration of the selected compound in the sample, Ac is area of peak of the ion for the selected compound, A i is area of peak for the internal standard, A csa is area of the peak for the selected compound in the standard-addition sample, A isa is the area of the peak for the internal standard in the standard-addition sample, SA c is concentration of the standard addition, and DF is dilution factor.
Other Herbicides and Transformation Products.
The other herbicide compounds and transformation products (table 3) are analyzed using three methods. The LCEA analysis (Lee and others, 2002b) uses SPE and atmospheric chemical ionization (APCI) positive LCMS. The LCAA analysis (Lee and others, 2001) uses SPE and ES-NEG-LCMS. The GCS analysis (Zimmerman and Thurman, 1999; Kish and others, 2000) uses SPE and gas chromatography mass spectrometry (GCMS). All three methods use 123-mL samples and include surrogate and internal standards. Mass spectrometers are operated in selected-ion mode, and concentrations of detected analytes are calculated from calibration curves. Antibiotics. A method (LCAN) has been developed for the trace analysis (concentrations between 0.05 and 2.0 µg/L) of five classes of antibiotics consisting of seven beta lactams (BLs), six macrolides (MCs), eight quinolines (QUs), seven sulfonamides (SAs), and eight tetracyclines (TCs) (table 3). These antibiotics are commonly are used by humans, livestock, and pets or are agricultural feed additives. Some of these antibiotics are suspected to leach into ground and surface water. Three slightly different sample preparation methods are used for BLs and MCs, QUs and SAs, and TCs. All samples are extracted with SPE and determined by LCMS with positive-ion electrospray using methods similar to Lindsey and others (2001) . Surrogate and internal standards are used in the analysis of 10-mL samples, and concentrations of detected analytes are calculated from calibration curves acquired with the samples.
Quality Assurance
Quality assurance of sample collection and handling will consist of 15 concurrent replicate samples and 4 field blank samples (table 4). In the laboratory, 10 percent or more of the samples will be split and analyzed in replicate (including sample preparation) to yield data on the precision of the analysis. These same samples are also analyzed as spikes for determining accuracy. Method blanks are prepared and analyzed with each batch of samples. Standard reference materials (SRMs), if available, are routinely used as Laboratory Control Standards (LCS).
DATA ANALYSIS METHODS AND REPORTS
Results from this study will represent the first broad-scale investigation of glyphosate and AMPA in Midwestern United States streams. Analytical results from this study will be published in a USGS open-file report. Analysis of the results of this study will be published in one or more journal articles to be prepared in 2003 and 2004 . Some ancillary data in addition to streamflow will be collected in association with the water-quality data in order to better understand the information provided. The amount of ancillary data collected will be limited by resources but at a minimum will include estimates of corn and soybean planting date, monthly precipitation and temperature, crops planted (will not be available until 2002 Census of Agriculture data are available), and pesticide use (may only be State level data). 
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